Introduction {#Sec1}
============

A mammal's pelage is generally one of its first noticeable attributes and is aesthetically pleasing. Coat color and pelage types are often selected as specific traits to develop new domesticated mammalian breeds. Frequently, the causative mutations for these phenotypes are inherited as single-gene, autosomal traits, but genetic modifiers often determine the preferred "refined" phenotype to meet breed standards. Although the genetic basis of several coat colors has been characterized in cats (Hatzfeld and Weber [@CR7]; Ishida et al. [@CR10]; Lyons et al. [@CR18], [@CR19]; Schmidt-Kuntzel et al. [@CR30]), and the major gene controlling fur length, *FGF5*, has been determined (Cadieu et al. [@CR2]; Drogemuller et al. [@CR3]; Housley and Venta [@CR8]; Kehler et al. [@CR11]), relatively little is known about the genes influencing variation in coat growth and curl, i.e., rexoid coats. Curly pelage is an easily recognized trans-species coat anomaly, and several detailed studies in various mammalian species, including mice (Dunn [@CR4]; Runkel et al. [@CR29]; Taylor et al. [@CR34]), rats (Kuramoto et al. [@CR13]; Robinson [@CR25]), and dogs (Cadieu et al. [@CR2]) have identified causative genes and mutations.

At least nine rex-type pelage mutations are documented in the domestic cat (Supplementary Table 1, Fig. [1](#Fig1){ref-type="fig"}). A few other rexoid mutations are mentioned in cat lay literature but are not scientifically documented, and breeds were not successfully established with the phenotypes (Morris [@CR20]). Three rexoid mutations are the hallmark of traditional and well-established breeds, including the American Wirehair, Cornish Rex (Searle and Jude [@CR31]), and the Devon Rex (Robinson [@CR23]). Several other curly-coated cats are not scientifically documented but are gaining popularity and in development as separate breeds, including two autosomal dominant rexoids La Perm and Selkirk Rex and one autosomal recessive rexoid, the Tennessee Rex.Fig. 1Hairless and curly phenotypes on the domestic cat. **a** Hairless phenotype in a Sphynx cat, characterized by lack of hair with a well-formed bulb. **b** Curly phenotype in a Devon Rex cat characterized by a short and soft coat, generally missing the guard hairs

The two well-established rexoid breeds, the Devon Rex, *re*, and the Cornish Rex, *r*, are scientifically documented as different autosomal recessive loci (Robinson [@CR23]), the Devon Rex having more variable expression than the Cornish Rex. For both breed phenotypes, the coat of a rexoid mutant is short, without guard hairs, and with a reduction in length and thickness of the remaining fibers (down and awn hair). The Devon Rex hair is abnormal and the majority is broken distally at their thinnest diameter, while the intact hairs are bluntly pointed instead of showing the fine tapering point of the normal hair fiber (Robinson [@CR23]). Curly coats are a defining feature of the breeds, thus, most cats are fixed for the mutations.

Devon Rex has been used in the development of the *hairless* (*hr*) Sphynx breed and the hairless mutation is considered to be allelic to the Devon rexoid mutation (Robinson [@CR24]). The Sphynx *hairless* is also considered an autosomal recessive trait and is one of the more distinctive novelty breeds, steadily increasing in popularity. Only two hair types seem to be present: guard hairs of irregular diameter and curved and thinner hairs. Thus, Sphynx is not completely hairless, having a fine down on the body and some light and wavy hair often present on the nose, tail, and toes. All the hairs lack a well-formed bulb, which probably explains why hairs are so easily dislodged (Robinson [@CR24]), causing a lack of hair on the body but not a complete lack of hair production.

Recently, genome-wide SNP association studies led to candidate gene screening for the curly/wavy coat of the Portuguese Water Dog. A SNP in *keratin-71* (*KRT71*), which encodes a protein that is predominantly expressed in the inner root sheath (IRS) of the hair follicle (Langbein et al. [@CR15]), was shown to cause a nonsynonymous mutation, c.451A\>T, in exon 2, producing a p.Arg151Trp amino acid alteration (Cadieu et al. [@CR2]). Beside dogs, mutations in *KRT71* have been described in curly-coated mice (Dunn [@CR4]; Runkel et al. [@CR29]; Taylor et al. [@CR34]) and rats (Kuramoto et al. [@CR13]), and an autosomal recessive form has been described in Hereford cattle (A. D. Markey, unpublished).

For the domestic cat, genomic sequence for *KRT71* was publicly available except for exon 9 and the 3′ UTR. A variety of curly-coated, wire-haired, and hairless cat breeds (*N* = 10) were scanned for mutations in the coding sequence of *KRT71*. Mutations concordant with the curly (rexoid) coat of the Devon Rex and the hairless coat of the Sphynx were identified and appear to be causative mutations for the pelage phenotypes. They are unique mutations within these breeds. The characterization of these mutants demonstrates the importance of *KRT71* in the formation of linear and normal IRS intermediate filaments. Mutations in the coding region of *KRT71* were not identified in the two additional hairless breeds and the six other wired and rexoid cat breeds.

Materials and methods {#Sec2}
=====================

Sample collection {#Sec3}
-----------------

Phenotype descriptions of the cats were determined from personal interviews of the breeders and by direct observation. DNA samples were collected from the cats noninvasively using buccal swabs at cat shows and the owners' homes. DNA was isolated from the buccal swab using the QIAamp DNA mini kit (Qiagen, Valencia, CA).

*KRT71* genomic analysis {#Sec4}
------------------------

All nine exons of *KRT71* were amplified by PCR from genomic DNA of 24 cats (Supplementary Table 2), including seven rexoid breeds, three hairless breeds, and a control, domestic shorthair. Publicly available sequences from various species were aligned for the gene *KRT71*, including *Homo sapiens* (NM_033448), *Canis familiaris* (XM_854730.1), and *Mus musculus* (NM_019956) and the partial sequence for the domestic cat, *Felis catus* (ENSFCAT00000000287), to identify the exons. *F. catus KRT71* can be found on GeneScaffold_3321: 736,457--745.383. Primers (Operon, Huntsville, AL) were designed using Primer3plus (<http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi>) in the intronic regions when possible, flanking each identified exon. Primers were tested for efficient product amplification on a DNA Engine Gradient Cycler (MJ Research, GMI, Ramsey, MN) and the final magnesium, temperature conditions, and amplicon size for each primer pair are shown in Supplementary Table 3. PCR and thermocycling conditions were conducted as previously described (Bighignoli et al. [@CR1]). The PCR products with appropriate lengths were purified using the ExoSap (USB, Cleveland, OH) enzyme per the manufacturer's recommendations. Purified genomic products were directly sequenced in both directions using BigDye Terminator Sequencing Kit v3.1 (Applied Biosystems, Carlsbad, CA), purified with Illustra Sephadex G-50 (GE Healthcare, Piscataway, NJ) according to the manufacturer's recommendations, and electrophoretically separated on an ABI 3730 DNA analyzer (Applied Biosystems). Sequences were verified and aligned using the software Sequencher version 4.8 (Gene Codes Corp., Ann Arbor, MI) and edited with BioEdit version 7.0.9.0 (Hall [@CR5])

*KRT71* mRNA analysis {#Sec5}
---------------------

Skin biopsies from a control cat, a Sphynx, and a Devon Rex were provided by the UC Davis School of Veterinary Medicine, Dermatological Service. The tissues were stored in RNAlater (Qiagen), and RNA was isolated using PureLink RNA mini Kit (Invitrogen, Carlsbad, CA). Complementary DNA templates were synthesized by reverse transcription of 1 μg of mRNA from hair bulbs of the control cat with the polydT primer to obtain exons 8 and 9 and the 3′ UTR of *KRT71*, from 1 μg of skin mRNA using the KRT71-5RcDNA primer to obtain exons 1--5 in the Sphynx, and from 1 μg of skin mRNA using the KRT71-8RcDNA primer to obtain exon 1--8 in the Devon Rex with SuperScript III (Invitrogen) (Supplementary Table 3). PCR products were generated according to the manufacturer's recommendations using the primers GeneRacer3R (Invitrogen) and KRT71-8FcDNA for the hair sample and KRT71-ex5RcDNA, KRT71-ex8RcDNA, and KRT71-ex1FcDNA for the skin samples (Supplementary Table 3). Thermocycle conditions were conducted as previously described (Bighignoli et al. [@CR1]). Genomic primers were designed in the 3′ UTR region to sequence the cats used for the genomic analysis of *KRT71* (Supplementary Table 3)*.*

*KRT71* SNP genotyping {#Sec6}
----------------------

An RFLP assay was performed to screen a possible causative *KRT71* intron 4 polymorphism in 94 cats represented by randomly bred cats and all available wire, rexoid, and hairless breeds (Supplementary Table 1). The G/A substitution at the first base of intron 4 alters a normally present *BceAI* (ACGGC) restriction enzyme recognition site. Approximately 20 μl of amplified product was digested with 2 U of *BceAI* (New England Biolabs Inc., Beverly, MA) at 37°C overnight followed by inactivation of the enzyme at 65°C for 10 min. The primers generated an amplification product of 832 bp that produced 436- and 396-bp restriction fragment products using *BceAI* when the G/A SNP was absent. The complete digestion reaction was analyzed on 2% agarose gels as described above.

A second potentially causative polymorphism was an 81-bp deletion followed by two insertions of 8 and 1 bp starting at the 5′ end of intron 6 and involving exon 7. A PCR reaction using the KTR71-ex7F2 and KRT71-ex7R2 primers (Supplementary Table 3) was used to verify the genotype in 189 cats, including randomly bred cats and the wire, rexoid, and hairless breeds (Table [1](#Tab1){ref-type="table"}). The predicted size of the wild-type allele was 557 bp and 485 bp for the mutant. The genotype was predicted visually by the different length of the amplicon after a run on a 2% agarose gel.Table 1Genotyping results in cat breeds with pelage mutationsBreed*N*Hairless*N*Curly*HR/HRHR/hrhr/hrRE/RERE/rere/re*American wirehair55005500Devon Rex5500110011Devon Rex outcross////2020Kohana31113210Peterbald55005500Domestic shorthair20200010210200Sphynx340826342860Sphynx outcross10101100Other curly^a^222200222110^a^Other curly includes Cornish Rex, German Rex, La Perm, Selkirk Rex, and Tennessee Rex

Results {#Sec7}
=======

*KRT71* sequence analysis {#Sec8}
-------------------------

The entire *KTR71* coding sequence (CDS) and the 3′ UTR were analyzed for 24 cats (Supplementary Table 2) representing all the rexoid and hairless variants (Fig. [1](#Fig1){ref-type="fig"}). A prediction of the feline *KRT71* exon sizes was obtained using the human genomic sequence. In human and dog, *KRT71* has only one known isoform and the CDS length is 1572 and 1578 bp, respectively, assuming the putative start of methionine is near the 5′ start of exon 1. In cat, *KRT71* has nine coding exons, producing a 1575-bp CDS transcript that translates into 524 amino acids. Over all exons, the cat sequence is most similar to that of dog, with an average sequence identity of 93.2% and a range of 88.6--100%, and is less similar to human, with an average sequence identity of 91.7% and a range of 85.8--100%. The most significant differences between the dog and cat sequences are located in exon 4. At the protein level, cat *KRT71* is 95.2% identical to the dog and 93.7% identical to human. The wild-type feline *KRT71* sequence is submitted as GenBank HM564031.

*KRT71* mutation analysis {#Sec9}
-------------------------

The generated sequences were aligned with the publicly available sequence to identify variants. Fifty-five DNA variants, including SNPs and indels, were detected in exonic, intronic, and UTR regions in the 24 cats analyzed (Supplementary Tables 2 and 4). Fourteen SNPs were identified in the exonic regions; one variant produced a missense mutation in exon 7, c.1315G\>A, causing a serine-to-glycine substitution without a change in the charge of the amino acid. All the other silent variants were highly variable and did not appear to segregate concordantly with any hairless or rexoid phenotypes in the tested cats (Supplementary Table 2).

A complex alteration was identified in the Devon Rex cats. An 81-bp deletion (c.1108-4_1184del), including the last 4 bp of intron 6 and the first 77 bp of exon 7, followed by a 8-bp insertion (c.1184_1185insAGTTGGAG) and a base insertion (c.1196insT), was found to be homozygous in the two Devon Rex cats (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Alternative splice models of *KRT71* gene in cats. RT-PCR analysis on a control cat, a Sphynx, and a Devon Rex. **a** Genomic DNA with the diamond indicating the SNP \[G/A\] detected at position +1 of intron 4. **b** Normal-haired cat cDNA with correct splicing of intron 4. **c** Sphynx cDNA with the 43-bp insertion caused by the disruption of the donor splice site in intron 4; triangle indicates the introduced stop codon. **d** Genomic DNA with diamonds indicating the region involved in the deletions/insertions causing the Devon Rex phenotype. **e** Normal-haired cat cDNA with correct splicing of intron 6. **f** Devon Rex cDNA with the missing 5′ region of exon 7. Triangle indicates that the exon 7 starts after the alternative splice

Forty-one intronic SNPs were detected, and one of them at position 1 of intron 4 was identified as affecting an exon/intron splice site in the two Sphynx cats. The c.816+1G\>A transversion altered the 5′ splice site at the junction of exon 4 and intron 4 (Fig. [2](#Fig2){ref-type="fig"}). These two polymorphisms were investigated in detail.

*KRT71* mutation genotyping {#Sec10}
---------------------------

To determine whether the 81-bp deletion and the two insertions were responsible for the curly phenotype in Devon Rex, 185 cats were screened for this mutation by agarose gel electrophoresis. All Devon Rexes were homozygous for the identified variant; thus they are fixed for this complex mutation. One outcross Devon Rex family was tested and F1 cats with only one copy of the altered sequence had normal hair. Besides Devon Rex, the mutation was heterozygous in six Sphynx, one Kohana, and one German Rex. The *KRT71* sequence alteration was absent in the randomly bred population (*N* = 102) (Table [1](#Tab1){ref-type="table"}).

The c.816+1G\>A SNP is likely disrupting the highly conserved "G" needed for the 5′ splice site recognition signal. Within the 95 screened cats, including ten breeds with curly or hairless phenotype and randomly bred cats, the mutation was found in two breeds: Sphynx and Kohana (Table [1](#Tab1){ref-type="table"}). One Kohana was homozygous wild type, one was heterozygous, and one was homozygous for the mutation. Within the Sphynx cats (*N* = 34), 26 were homozygous for the mutation and 8 were heterozygous. Six of the eight cats were heterozygous for the Devon-associated alteration. The complete sequence was acquired from two Sphynx that carried only one copy of the "hairless" mutation and no additional alterations were identified in the obtained sequence. However, additional regions remained to be explored within the gene.

*KRT71* cDNA and 3′ UTR analysis {#Sec11}
--------------------------------

The c.1108-4_1184del involving the last 4 bp of intron 6 and the first 77 bp of exon 7 removes the 3′ splice acceptor site and a new acceptor site is recognized within the same exon, r.1108_1221del. The partial amplification by RT-PCR of mRNA from the Devon skin biopsy generated a 1415-bp fragment in the wild type and a 1347-bp fragment in the Devon Rex cat, suggesting an alternative splice site acceptor within exon 7. The c.816+1G\>A transversion in intron 4 appears to alter the 5′ splice site at the exon-intron junction and results in the activation of an intronic sequence: r\[816+1_816+43ins; 816+1g\>u\]. The partial amplification by RT-PCR of mRNA from skin biopsy generated a 928-bp fragment in the wild type and a 43-bp-longer transcript in the Sphynx cat, suggesting an alternative splice site donor at position 44 of intron 4. At position 27 in the insertion, a stop codon (TGA) is generated.

Discussion {#Sec12}
==========

Hair is a unique structure that is characteristic of mammals and the shape of the hair follicle governs its form (Lindelof et al. [@CR17]). The coat of the normal cat consists of three hair types: long and straight guard hairs of uniform diameter, thinner awn hairs, and fine undulating down hairs of uniform thickness. A variety of rexoid and hairless breeds are documented to have alterations in their hair types. The autosomal recessive Devon Rex coat is generally missing the guard hairs and had reduced length and thickness in the undercoat hairs. Hairless in Sphynx cats is allelic to Devon and some Sphynx have tuffs of hair on the chest, ears, or tail. Complementation testing with the other major curly breed, Cornish Rex, has shown that these autosomal recessive traits are not allelic (Robinson [@CR24]).

Previous studies to identify the gene causing hairlessness in other species implicated *KRT71* as the cause for curly coats in mice, rats, cattle, and dogs (Cadieu et al. [@CR2]; Dunn [@CR4]; Kikkawa et al. [@CR12]; Poirier et al. [@CR21]; Robinson [@CR25]; Runkel et al. [@CR29]; Sundberg et al. [@CR33]; Taylor et al. [@CR34]; A. D. Markey, unpublished). The keratin protein consists of three domains: a head domain, a low-complexity coiled-coil tail domain, and the helix-forming α-helical rod domain. The α-helical rod domain of *KRT71* plays an important role in forming heteropolymers of specific type I and type II cytokeratin through interactions of these domains (Hatzfeld and Weber [@CR7]). In mice, mutations such as *Ca*^*Rin*^, *Ca*^*J*^, *Ca*^*9J*^, and *Ca*^*16J*^ induce single amino acid deletions in the α-helical rod domain and result in curly body hair (Kikkawa et al. [@CR12]). In rat, the *Re* allele is identified as a 7-bp deletion at the 3′ splice site of intron 1 in *KRT71* (Kuramoto et al. [@CR13]). A SNP, c.451A\>T, causing a nonsynonymous alteration, p.Arg151Trp, has been recently identified in curly hair in dogs (Cadieu et al. [@CR2]). In cattle, an 8-bp deletion occurring in exon 1 causes an early truncated *KRT71* protein resulting in a curly-hair coat (A. D. Markey, unpublished).

In the current study, *KRT71* was analyzed in ten cat breeds with rexoid and hairless phenotypes. Hairless cats were included in this study because the naked phenotype of Sphynx cats is suggested to be allelic and dominant to the Devon Rex mutation (Robinson [@CR24]). In cat, a 1575-bp nucleotide mRNA is produced and translated into 524 amino acids. Two of 55 identified mutations are likely associated with the Devon and Sphynx phenotypes. The Devon Rex mutation is a complicated set of two insertions and a deletion that leads to a splicing error. An 81-bp deletion removes the last 4 bp of intron 6, extending into the first 77 bp of exon 7 (c.1108-4_1184del). This deletion is followed by an 8-bp insertion of novel sequence (c.1184_1185insAGTTGGAG). This small insertion is followed by normal exon 7 sequence, except for one addition of thymine that is inserted 12 bp downstream (c.1196insT). As confirmed by cDNA analysis, these mutations disrupt the 3′ splice site of intron 6, the highly conserved AG, causing an alternative downstream acceptor to be employed (Fig. [2](#Fig2){ref-type="fig"}). A new alternative acceptor site is found within the first 37 bp of exon 7 (r.1108_1221del), which is 16 bp after the single thymine insertion. The resulting protein has a 35-amino-acid deletion at the 3′ C-terminus end of the α-helical rod domain (Supplementary Fig. 1). Approximately 200 cats were genotyped for the identified Rex (*re*) polymorphism and all of the Devon Rex were homozygous for the mutation. Thus, the mutation is fixed in the breed, suggesting that this mutation controls the *re* allele at the *rex* (*R*) locus and it could be considered a breed-defining genetic characteristic. These data suggest that two copies of the deletion are required to cause a curly-coat phenotype that meets the standard for the Devon Rex breed.

A guanine-to-adenine base substitution was observed at position +1 in intron 4 in the Sphynx cats (c.816+1G\>A). The guanine is a highly conserved position in the intron at the 5′ splice site (Hastings and Krainer [@CR6]; Ladd and Cooper [@CR14]). Comparison of cDNA with genomic sequences of *KRT71* suggested that the GT dinucleotide sequence 44 bp downstream of the original splice site, r\[816+1_816+43ins; 816+1g\>u\], serves as an alternative splicing donor site in the Sphynx mutant allele (Fig. [2](#Fig2){ref-type="fig"}). Thus, an alternative splice site is recognized at base pair 44 in the modified exon 4 (Fig. [2](#Fig2){ref-type="fig"}). This alteration causes a stop codon at position 27 in the insertion, leading to a truncated *KRT71* (Supplementary Fig. 1). The truncated protein deletes the majority of the α-helical rod domain that plays an important role in forming heteropolymers of specific type I and type II cytokeratin through interactions of these domains (Hatzfeld and Weber [@CR7]). Together, sequence alterations in exon 7 and a truncated protein affecting the α-helical rod domain could also affect the formation of heteropolymers of specific type I and type II cytokeratins, cellular targeting, receptor binding, or proper folding of the protein after translation.

In the early stages of the hairless Sphynx breed development, crosses with Devon Rex were performed (Robinson [@CR24]). Analysis of 34 Sphynx showed that 26 were homozygous for the intronic SNP and 8 were heterozygous for the mutation. Thus, this SNP is one of the causes of the *hr* allele at the *H* (hairless) locus. Six heterozygous Sphynx are compound heterozygotes for the SNP and the Devon Rex-associated deletion. These data suggest that the Sphynx allele is dominant to the Devon Rex allele, both being recessive to the wild type, supporting the phenotypic and segregation analyses previously published (Robinson [@CR24]). However, two Sphynx were not homozygous for the *hr* mutation nor compound heterozygous with the *re* mutation, suggesting that these cats have some other epistatic mutations or hairless is dominant with variable penetrance in expression.

This genetic study identified the causative mutations for two mutant alleles, *re* and *hr*, at two reported loci, *Rex* (*R*) and *Hairless* (*H*), which are actually allelic mutations in *KRT71*. The Sphynx mutation leads to a complete loss-of-function allele where the structure of the hair is seriously compromised, i.e., the hair is produced but is easily dislodged because of the lack of a well-formed bulb. In the Devon Rex, the mutation causes a remarkable alteration in the protein as well, but evidently residual activity of the protein still exists. The *KRT71*^*re*^ and *KRT71*^*hr*^ are the suggested allelic designations, forming the allelic series *KRT71*^*+*^ \> *KRT71*^*hr*^ \> *KRT71*^*re*^.

Sequence analyses of *KRT71* did not identify genetic alterations causative for the other six Rexoids and the other two hairless cat breeds. Since much of the intronic and regulatory regions of domestic cat *KRT71* have not been analyzed, this gene has not been excluded as causative for the other phenotypic alterations. Other genes involved in the keratinization process are also possible candidates. In humans, keratin genes are clustered as families in two regions of the genome: the type I genes on chromosome 17 and the genes encoding the type II keratins on chromosome 12 (Lessin et al. [@CR16]; Rogers et al. [@CR26], [@CR27]; Rosenberg et al. [@CR28]). Family-based or genome-wide association studies may implicate the keratin clusters for the other cat rexoid and hairless phenotypes, leaving complex studies of the specific genes to follow.

Keratins have gained increasing attention during the last couple of decades because of their causal involvement in the etiology of a large heterogeneous group of hereditary epithelial diseases (see reviews Irvine and McLean [@CR9]; Smith [@CR32]). Our current study demonstrates the importance of the α-helical rod domain of *KRT71* in hair formation in cats. Comparison of *KRT71* mutations in various species may allow us to find associations of pelage phenotype with types of mutations and lead to better understanding of *KRT71* functions. Moreover, the identification of feline coat variants should enhance the understanding of mammalian skin physiology, body homeostasis, and cell and tissue integration, and the development of a molecular test that could be used as a powerful instrument for the screening of different coat mutations will benefit the breeders.
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